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INTRODUCTION
Although the kinetic investigations of photohalogena- 
tion reactions of numerous hydrocarbons have received a 
rather exhaustive treatment over the years, surprisingly 
little work in this area has been done on the photohalogena- 
tion of silicon compounds. There has been considerable work 
involving the use of silane compounds for the synthesis of 
organometallic compounds but very little quantitative evidence
)f l l f  I Q
is presented for the mechanism of these reactions. » ’ x No
doubt the absence of quantitative kinetic evidence may be re­
lated to the difficulties in working with silane systems, 
particularly the halosilanes due to their reactivity in the 
presence of air and water vapor.
Early research in the field of silicon chemistry was 
concerned with the preparation of carbon-like derivatives 
and contrasting their properties with those of similar car­
bon derivatives. The literature was characterized by the 
strong tendency to emphasize the similarities rather than 
the differences between carbon and silicon compounds. It 
is now well established that the differences are real and 
are explained in terms of the known dissimilarities in the 
atomic properties of both elements and their compounds. For 
example, the bonds from the tetravalent carbon atom are 
usually formed by sp-^ hybrid orbitals; and, having no more 
orbitals in its valency shell, it has a maximum covalency
-1-
2of four. However, tetravalent silicon has d orbitals in its 
valence shell. In the neutral atom the nd orbitals are of 
higher energy and are more diffuse than the ns and n£ orbitals; 
but when electronegative groups or atoms are attached to sili­
con, a positive charge may be induced in the silicon atom.
As a result, the d orbitals are sufficiently contracted in 
terms of energy and spatial distribution to become mixed 
with the bonding s; and £ orbitals. This results in an in­
crease in the maximum number of sigma bonds formed.
Since the sigma bonds in silicon have considerable d 
character, it is difficult to make any true comparison with 
sigma bonds of carbon compounds. The striking differences in 
the reactivity between many carbon and silicon compounds have 
been attributed to the presence of d orbitals in silicon and 
their absence in carbon compounds. For example, instead of 
forming a silicon-oxygen double bond in many of its compounds, 
silicon prefers to form two sigma bonds with oxygen. This 
type of bonding is found in the many silicone polymers.
Silicon does not form bonds as is prevalent in
many carbon compounds but does form (j>»d)f? bonds. Two of the 
empty d orbitals in silicon have Q  type symmetry and can com­
bine with the orbitals of any attached atom or group, .'/hen 
the attached atom is highly electronegative and possesses a 
free electron pair such as a halogen atom, a (]>*d)£P>'bond is 
formed with an energy minimum. The delocalization of the 
electron system leads to a displacement of the negative 
charge towards the silicon atom. Since the attached group is
3more electronegative than the silicon, the polarity of the 
system is reduced and the overall strength of the bond be­
tween the two atoms is increased by such interaction. This 
type of interaction explains why silicon halides hydrolyze 
very readily. The lone pair of electrons in the £ orbital of 
oxygen in the water molecule is very readily accommodated by 
the vacant orbital in silicon. The extent of the (£-*d) 2  
bonding depends on the diffuseness of the d, orbital involved 
and on its principal quantum number since the amount of over­
lap depends on these properties. Carbon halides, on the other 
hand, are resistant to hydrolysis because only _s and £ orbitals 
are available for bond formation. Since the maximum covalency 
of four is already realized in the halide compounds, there is 
no possibility of electron donation by oxygen in the water 
molecule. Again this type of interaction is more extensive 
with electronegative groups such as the halogens than with 
the less polar type of groups. As yet, a detailed study of how 
this type of interaction influences the mechanism of silicon 
reactions has not been made.
The feasibility of a photochemical study of silane
9
compounds was demonstrated by Daggett in 193^ involving the 
gas—phase bromination of trichiorosilane. Preliminary invest­
igation of the dark or thermal reaction showed that it was 
negligible at room temperature, proceeding only after heating 
to 100°C.
The photoreaction was carried out in an all—glass high 
vacuum system using magnetic break seals for introducing
the reactants into the system since they readily attacked or 
were absorbed by high vacuum stopcock grease. In addition, a 
null measuring system using a Bodenstein quartz manometer in 
conjunction with a conventional U-tube mercury manometer was 
employed to measure the pressure of the reactant materials.
The reaction was initiated by exposure to light of frequencies 
falling in the continuum for bromine and proceeded with no 
overall change in volume or pressure.
magnetic breakseal valves for pressure regulation did not 
permit an effective systematic control of reactant pressure 
or concentration as is necessary in a kinetic investigation. 
As a result, it was not easily possible to study the effect 
of a variation of one reactant concentration at a time.
following rate expression for the initial stages of the reaction 
before products could accummulate:
I,a is the intensity of the absorbed light.
It was found that after the initial stages, the 
following rate expression was consistent with the data from 
an individual run.
Unfortunately, the technique involved in using
The preliminary experimental results obeyed the
kJsiHClJ I
dt 1 - k 1 [HBr]
5k* is a constant which serves to give reproducible values of 
the rate constant, k, within an individual run. However, it 
was found that k was not reproducible from run to run under 
varying total pressure of reactants. A log-log plot of the 
rate constant versus the total pressure of reactants (P^ .) 
showed a linear decrease in log k with increasing log P^. over 
a range of 100 to 200 mm.
The effect of added inert gases and hydrogen bromide 
indicated that they.accelerated the reaction, the hydrogen 
bromide to a much lesser extent than the inert gases. This 
was contrary to the inhibition effect that hydrogen bromide 
played in both photo and thermal bromination of hydrocarbons.3?^  
However, the lack of any systematic means of effectively con­
trolling the pressure of reactants and products precluded any 
definite postulates concerning the true mechanism of the 
reaction and whether the hydrogen bromide was acting as an 
accelerator or as an inhibitor. In addition, the total 
pressure of reactants could not be varied systematically over 
a wide range so as to determine if there was actually a 
pressure effect as the preliminary data indicated.
The temperature coefficient of the reaction between 
15° and 35°C was found to be 1.5 corresponding to an activa­
tion energy of 7 kcal. The quantum yield was found to be 
approximately lcA indicating the operation of a chain 
mechanism. On the basis of this study, the following re­
action mechanism was proposed:
6Br^ + hv _^ Br + 3r
SiHCl^ + Br -» SiCl^ + KBr
SiCl^ + Brg — > SiBrCl^ + Br
Br + Br + M —> B ^  + M
Assuming steady state conditions, the rate of decrease 
of bromine concentration or the corresponding increase in 
monobromotrichlorosilane concentration is given by the 
following equation:
d B^lJ  k[siKGl33 Ia‘2 
dt Mi
M is any molecule capable of stabilizing the bromine molecule 
formed by the recombination of bromine atoms.
This expression is of the same form as that of the 
experimental rate equation where the term in the denominator 
implies a pressure factor involving either the pressure of 
reactants or products.
Both the mechanism and rate equation formulated for 
this system are quite similar to those found for the gas 
phase photohalogenation of many simple hydrocarbon systems.
The results of many of these investigations have been 
summarized by Bteacie^ and also by Noyes and Leighton.^
Of these,the most important in terms of mechanistic similar­
ities are the systems involving the photobromination of
methane and its halides. For example, Anderson, Kistiakowsky,
1 2and Van Artsdalen ’ ' studied the photobromination of methane
7and methyl bromide in the gas phase in the temperature 
range 150 to 2i+0°C. Their experimental results could be ex­
pressed by the following rate equation:
d j B r ^  k f n J D i r ^ ] *  (1 /P t ) i
at ■ k y c s g  
iT o  j
3 L 2
The reaction was found to be inhibited by hydrogen bromide as 
reflected by the term in the denominator of the rate expression. 
The term (1/P.jjb expresses the effect of the total pressure of 
the reactants and k is constant which includes the absorption 
coefficient for bromine.
Similarly, the photobromination of methyl bromide was 
studied over the same temperature range and the following rate 
expression was formulated:
dfBrJ kfcn^Brj [ s r ^
dt (Pt$)
In this case the reaction was not inhibited by hydrogen 
bromide. The proposed mechanism for these reactions is as 
follows:
8CH.
M- Br^ + hv — >
Br + Br (1) El
Br + CH^ CH^ + HBr (2) E2
CH^ + Br2 CH^Br + Br (3) E3
CH3 + HBr —^ CH^ + Br (»+) el*
Br + Br + M Br2 + M (5) S5
Br2 + hv -> Br + Br (1) E1
Br + CH-^ Br CHgBr + HBr (2) E2
CH^Br + Br2 — ^ CH2Br2 + Br (3) E3
CH2Br + HBr CH^Br + Br W el*
Br + Br + M Br2 + M (5) E5
The rate determining step in both mechanisms I and II is 
reaction 2. In the case of the photobromination of methane, 
the experimental activation energy was found to be 15.6 kcal 
and is attributed to reaction 2. The activation energy of E^ 
is considered negligible in both mechanisms.
In the photobromination of methyl bromide (II), the 
rate determining step was found to be 2 and the activation 
energy 17*8 kcal. The rate equations for both systems in­
volved terms correcting for the total pressure of the reactants, 
A more analogous reaction to the tric’nlorosllaiie-bromine system 
is the reaction between bromine and chloroform. The photo­
chemical gas phase reaction of this system was investigated by
£
Braunwarth and Schumacher at 5*+6.0 mu. The investigation was 
carried out in the temperature range 110° to 130°C and with 
total pressures from 1*0 to *+00 mm. The reaction had a quantum 
yield of 19.
9Above a pressure of approximately 200 mm of reactants, 
the rate equation has the form:
a[Bra] k Ia* [choiJ
dt p's /l + k 1 Qdr]
\  D * 2I )
Below a total pressure of 90 mm, the rate equation is best 
represented as follows:
dt 1 + k 1 UrlBr]
[3r2"]
In both expressions P is the total pressure of reactants.
Over the temperature range 110° to 130°C k 1 remains constant 
while k is approximately doubled. The following mechanism is 
given for the reaction.
Br2 + hv 
Br2* + M 
Br + GHC13 
CC13 + Br2 
CC13 + HBr 
CCl3Br + Br 
Br
2Br + M
Reactions 5 and 6 explain the inhibiting effect that both HBr 
and BrCCl3 have on the reaction. The complex rate equation for
 ^
Br2* (1)
2Br + H (2)
CC13 + HBr (3)




ocl3 + 3r2 (6)
l'Br2 (wall) (7)
Br2 + 'i'i. (8)
10
this reaction may be simplified for the initial conditions of 
the reaction giving the following expression:
d[cHCl37 (_Z_
This is equivalent to the experimental rate equation found 
above 200 mm.
The thermal reaction of bromine and chloroform has
oh.
been investigated by Sullivan and Davidson and the results 
were found to be in agreement with the mechanism postulated 
by Braunwarth and Schumacher for the photochemical reaction.
A great deal of information was derived from a study 
of the photohalogenation reactions of these hydrocarbons that 




Previous investigation of the gas phase hromination
a
of triehlorosilane by Daggett' has shown that the reaction 
proceeds by a chain mechanism with a net quantum yield of
Lj.
approximately 10 . A  mechanism for the reaction was proposed 
based on a limited number of reaction runs. Unfortunately, 
however, the experimental evidence supporting the proposed 
mechanism suffered through the fact that at that time there 
were not available satisfactory techniques and instrumentation 
to allow for accurate control of reactant purity and the 
systematic control of reactant pressure in reaction rate 
studies. The reactive nature of both bromine and trichloro- 
silane preclude the use of conventional methods for pressure 
measurement and control such as a mercury manometer and 
vacuum stopcocks.
On the basis of the previous evidence and the manner 
under which it was obtained, there is some uncertainty con­
cerning the correctness of the proposed mechanism. A more 
careful control of reactant purity and a more systematic con­
trol of reactant pressures are necessary for the proper 
kinetic interpretation of this system.
There are a number of new techniques for pressure 
control in high vacuum systems such as a greaseless, glass 
needle valve fitted with a threaded Teflon stem which permits 
effective control of reactant pressures over a wide range 
without any appreciable loss of vacuum(cf. Figure 5). In
12
addition, there are highly sensitive gauges for pressure 
measurement of highly reactive gases without the hazards of
contamination that accompany pressure measurements with mer­
cury manometers tcf. .figure 6;. Also, a number of analytical 
methods such as gas chromatography and infrared spectroscopy 
are available for checking reactant purity as well as more 
sensitive and stable electronic circuits for light intensity 
measurements. These techniques and instrumentation are 
described in more detail in the experimental section.
Through the use of these improved techniques, a 
comprehensive kinetic study was made of the effect of several 
variables on the rate of reaction. Among the variables tested 
were reactant pressure, total pressure of reactants, influence 
of products, and temperature. Each variable was tested while 
holding the others constant where it was possible to do so.
On the basis of these studies together with an extensive 
analysis of the chemical and physical properties of silicon 
halides, probable mechanisms and rate expressions were formu­
lated in agreement with the experimental data.
13
EXPERIMENTAL 
PART A - MATERIALS
1. Bromine.
The bromine used in this investigation was a chemi­
cally pure grade which had been purified by previous investi­
gators'^ according to the method of Grover and Baxter.^*
This purification method removes traces of chlorine, iodine, 
and organic material.
The purified bromine, which had been stored under 
vacuum in a glass breakseal flask, was redistilled several
£
times in a system previously evacuated to a pressure of 10 
mm of mercury. The latter condition was obtained after 
pumping for several hours with occasional flaming of the 
accessible parts of the system. Subsequently, this type of 
high vacuum state will be referred to as "stick" vacuum. The 
distilled bromine was then dried by repeated distillation 
through a tube containing phosphorous pentoxide dispersed on 
glass wool in the previously evacuated system. The dried 
bromine was freed of any dissolved gases by alternate melting 
and freezing using a liquid nitrogen bath (-196°C) under 
vacuum. The purified bromine was finally collected by freezing 
out in a glass sample holder fitted with a greaseless needle 
valve (cf. Figure 5) and stored in an ethanol-dry ice bath 
until ready for use.
2. Trlchlorosilane.
The trichlorosilane used in this investigation was
1*+
of semi-condxactor grade manufactured by Union Carbide Company. 
The analytical specifications listed the tricblorosilane as 
99.5 percent pure with 0.5 percent of silicon tetrachloride 
as the only impurity.
The tricblorosilane was further piirified by vacuum 
distillation. A sample of approximately '70 ml was introduced 
into a round bottom flask fitted with a Delmar multiple-seal 
C-ring joint (cf. Figure 5)• The flask containing the sample 
was quickly cooled with a liquid nitrogen bath to freeze the 
sample and then attached to the vacuum distillation line 
which had been previously pumped down to "stick" vacuum and 
flamed repeatedly to remove all traces of moisture. The needle 
valve above the flask was opened and the entire system was 
again pumped down to remove all traces of air. After several 
hours of pumping, the needle valve above the sample flask was 
closed and an ethanol-dry ice bath (-7S°C) was substituted for 
the liquid nitrogen bath. The sample was again pumped in the 
same manner to remove traces of hydrogen chloride. Since 
hydrogen chloride is gaseous at this temperature (b.p. -83.7°C 
at 760 mm) and trichlorosilane has a vapor pressure of 1 mm, 
this treatment was considered sufficient to remove all traces 
of hydrogen chloride.
After pumping the trichlorosilane sample for approxi­
mately two hours, the manifold valve was closed off and 
several trap to trap distillations were carried out using a 
combination of liquid nitrogen and ethanol-dry ice baths.
The final distillate was separated into two portions. The 
main portion of approximately 10 to 15 ml, which was to be
15
used in the kinetic studies, was frozen out into a small 
sample holder fitted with a greaseless needle valve. This 
was closed off and connected to the manifold of the reaction 
system with a Delmar O-ring joint. The sample of trichloro­
silane was stored in an ethanol-dry ice bath until ready for 
use.
The second portion of the distillate, approximately 
1 ml, was frozen out with liquid nitrogen into a small glass 
vial attached to the manifold with a standard tapered double 
O-ring joint. The needle valve above the vial was closed and 
the sample vial quickly removed from the system and sealed 
with a rubber septum. This sample was tested for purity by 
chromatographic analysis as described in the following section.
A gas chromatographic procedure was developed for the
qualitative analysis of trichlorosilane for trace impurities.
Silicone oil (Silicone 3F 60, Milkens Company) on chromosorb
was found to be a satisfactory column for the separation of
the chlorosilanes and hydrogen chloride. This method was
15,22
similar to others described by previous investigators.
The following conditions were used for the Milkens gas 
chromatograph, Model A-90-P:
Column packing Silicone oil on chromosorb, 80/100
mesh
Column temperature 75°C at setting 20
Carrier gas Helium
Flow rate 55 ml/min.
Detector 2200c at setting 5^
Injector b2°C at setting 0
16
Chart speed 1 in/min.
Sample size 10 to 250 ul vapor;
1 to 10 ul liquid
An initial investigation involved the analysis of
several samples of impure trichlorosilane which had been
9
previously prepared by Daggett in an earlier study. The 
following peaks and their average retention times were 
recorded: peak No. 1, 52.3 sec; peak No. 2, 86.5 sec; peak
No. 3, ll+5 sec. Peak No. 2 was identified as trichlorosilane 
by using a pure sample which was obtained from Union Carbide 
Company and which had been distilled as described previously.
In some of the samples a peak appeared with an average reten­
tion time of 28.8 sec. This was identified as hydrogen 
chloride using a known sample.
5,18
Previous investigators have found that in a series 
of chlorinated hydrocarbons, if a plot is made of the logarithm 
of the retention time versus the boiling point, a linear re­
lationship is obtained. This method was used to identify the 
remaining two peaks in the chlorosilane chromatogram. Peaks 
No. 1 and No. 3 were identified as SiligCl and SiCl^, respec­
tively, from the data plotted in Figure 1.
After the components in the mixture of chlorosilanes 
had been identified, the distilled sample of trichlorosilane 
was analyzed under similar conditions. The chromatograms of 
the distilled trichlorosilane sample showed only one peak with 
a retention time of approximately 86 seconds. Throughout this 
investigation, each new distilled sample of trichlorosilane
17
was checked for purity in a similar manner before use in a 
series of reaction runs. This was considered sufficient 
evidence to indicate that the trichlorosilane was free from 
other chlorosilane compounds and hydrogen chloride.
3. Hydrogen Bromide.
Anhydrous hydrogen bromide (99*8$ pure) used in this 
investigation was obtained from Katheson Company in a small 
steel cylinder. The cylinder was connected to the vacuum 
distillation line with Tygon pressure tubing and the entire 
system was evacuated before opening the cylinder valve.
Liquid nitrogen was placed around one of the glass sample 
holders and the main manifold valve was closed off from the 
pumps. Hydrogen bromide was allowed to enter the system by 
slowly opening the needle valve on the cylinder. After a 
sufficient amount of hydrogen bromide was frozen out, the 
cylinder valve was closed off from the system. The manifold 
valve was reopened and the system was pumped down to remove 
any traces of air that may have leaked into the system. After 
evacuating to a "stick" vacuum, the manifold valve was again 
closed. The degassed hydrogen bromide was allowed to liquify 
by surrounding the sample holder with an ethanol-dry ice bath 
and was thoroughly dried by passing it several times through 
a tube containing phosphorous pentoxide. The dried hydrogen 
bromide was frozen out in a small sample holder (cf. Figure 5) 
fitted with a greaseless needle valve. The sample was freed 
of any remaining traces of air by repeatedly melting and 
freezing with a liquid nitrogen bath. A portion of the final 
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the manifold with a standard tapered double 0-ring joint.
The needle valve above the glass vial was closed and the 
frozen sample was quickly removed from the system and sealed 
with a rubber septum. This sample was checked for purity by 
chromatographic analysis as described in the following section, 
A qualitative gas chromatographic analysis of hydrogen 
bromide was carried out with an F and ¥, Scientific Corporation 
programmed gas chromatograph. A five percent silicone on 
haloport (fluorocarbon support) column provided a satisfactory 
means of monitoring the purity of the distilled hydrogen bro­
mide samples. The analyses were carried out under the follow­
ing conditions:
Column packing Silicone (5%') on haloport
Column temperature 50°C
Carrier gas Helium
Flow rate 6 ml/min
Sample size 10 to 2500 ul
Air samples injected into the column under these con­
ditions gave a single reproducible peak with a retention time 
of 9*+*5 seconds. Several samples of the purified hydrogen 
bromide were analyzed in a similar manner showing a single 
peak with a reproducible retention time of 131 seconds. No 
other peaks were observed when the chromatograph was operated 
at maximum sensitivity and with sample sizes as large as 2500 
microliters (ul). This was considered sufficient evidence 
that the hydrogen bromide was free from air or any other 
impurities.
20
PART B - APPARATUS
1. Optical System,
The arrangement of the optical system is illustrated
in Figure 2, The light source, lenses, and filters are
mounted on an aluminum rod with adjustable clamps to permit
alignment and focusing.
The light source (A) was a 6-volt tungsten filament
lamp which is used in the Bausch and Lomb Spectronic 20
colorimeter. The lamp was operated at 6 volts supplied by a
transformer (3) connected to a Stabiline voltage regulator,
type IE5101 (C). The operational characteristics of this
25
voltage regulator have been described previously. It oper­
ates on line voltage from 95 to 135 volts and maintains a 
constant 115 volt output with a precision of 1 0.1 percent, 
and t 0.15 percent for any current change. The constant in­
tensity of the light source was confirmed by following the 
output of the photocell on a Fisher millivolt recorder (0).
The light source was housed in a copper cylinder cm 
in diameter and 7*5 cm in length. The base of the light source 
was fitted into an opening in the copper cover which was 
threaded so that it could be attached to the rear of the lamp 
housing. The leads of the lamp were soldered to wires from 
the transformer which in turn was connected to the Stabiline 
voltage regulator.
The opening of the light housing was approximately 
1 cm. The light passes through this opening and is rendered
21
parallel by a glass plano-convex lens (D). The collimated 
light then passes through a 5 percent copper sulfate solution 
to remove the infrared radiation of the source. The copper 
sulfate solution is contained in a square Pyrex glass cell of 
2 cm thick and k-,2 cm in diameter. The windows of the cells 
were of plate glass sealed with Dekhotinsky cement.
A Corning glass filter ho. 67 (F) was fixed in an 
adjacent position between the copper sulfate filter and the 
shutter of the reaction cell assembly (G), The Corning filter 
was *+ mm thick and 5 cm square.
A spectral transmission curve of the Corning filter 
was recorded using a Perkin Glmer Spectracord spectrophotometer 
and is shown in Figure 3» The shaded portion of this curve 
represents the wavelength region transmitted to the reaction 
cell. The regions below Lh00 mu and above 500 mu were absorbed 
by the glass optics used in the system and by the copper sul­
fate solution which absorbed the infrared radiation. Since 
the continuum for bromine begins at 500 mu and continues into 
the ultraviolet, all the light absorbed is effective in pro­
ducing bromine atoms.
The shutter (G) was attached to the outside of the 
constant temperature bath and was manually opened and closed 
to initiate and to terminate the reaction.
The reaction cell (I) was constructed of Pyrex glass 
with fused-on optically clear windows. The cell had an in­
side diameter of 3*90 cm and a length of 2. 7d cm. The cell 
volume was determined by filling the cell with water and 
weighing. The total volume of the cell including corrections
22
for the steins was 3^»^3 ml. *^he cell was connected to the 
manifold and Bourdon gauge CL) by 1 rnm bore capillary tubing 
to minimize the volume of the non-illuminated portion of the 
reaction system.
For the majority of the reaction runs, with the 
exception of the series for the determination of the acti­
vation energy, the constant temperature bath CH) was main­
tained at 2*+.91 t O.O^ -OG. The water in the bath was stirred 
continuously by a magnetic stirrer (J) positioned under the 
bath on a thin glass plate to facilitate its rotary movement. 
The bath was cooled by tap water circulating through a glass 
coil fitted into the bottom of the bath. The water was heated 
by a 125-watt knife heater connected to a Fisher transistor 
relay. The alternate loop of the relay was connected to a 
mercury thermoregulator CH and B Instrument Company Bo. 75*+0) 
which had a permanent fixed temperature setting.
The thermostat consisted of a square copper con­
tainer approximately 19 cm on a side insulated by a 2 cm 
layer of asbestos fiber. A water-tight, horizontal copper 
cylinder extended through the middle of the container; a rec­
tangular copper tube extended from the top of the container 
to permit the insertion of the reaction vessel. <7ith this 
arrangement, the cell was in adequate thermal contact but 
without any water obstructing the light path.
The light which passed through the reaction vessel 
fell on the photovoltaic cell (General Electric Co., Model 
ho. 8PV1) CM) which was held in position by a circular piece 
of Styrofoam covered with black construction paper to prevent
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any light leakage. Tne latter was fitted into the back of a 
black copper cylinder which was sealed to the back of the 
thermostat with epoxy cement.
The photovoltaic cell which is similar to those used 
in commercial spectrophotometers was used to detect the trans­
mitted light intensity. The photovoltaic cell is sensitive 
to radiation from 300 to 700 mu with a maximum at 565 rau.
The output of the photocell was recorded on a Fisher 
recorder (.0) with a 1 millivolt full scale deflection. The 
1U0 percent initial light intensity was adjusted by use
of a helipot precision potentiometer (.hJ.
in order to be sure that the photometric circuit was 
operating properly, the light source and electrical circuit 
were allowed to warm up for at least an hour before making a 
run. nuring the warm-up period the light was allowed to fall 
on the photocell for a period of 15 minutes to one-half hour 
to condition the cell. It was found that after approximately 
one hour the IQ value of 100 percent was stable for a period 
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Spectral Transmission Curve of Corning Filter No. 67
27
2. Vacuum Train.
The vacuum train consisting of a manifold and pumping 
system is shown in Figure l+. The pumping system consisted of 
a Columbia-type mercury diffusion pump (C) backed by a Cenco 
Hyvac oil pump (A). The latter pump enabled the system to be 
evacuated to approximately 1 micron while the mercury diffusion 
pump brought the vacuum down to 10"^ mm of mercury. The vacuum 
pumps were protected by dry ice-ethanol traps (~78°C) (B, D) 
except during the reaction runs when the fore trap was cooled 
with liquid nitrogen (-l85°C).
The amount of vacuum in the system could be determined 
by two McLeod gauges which were connected to the system by 
vacuum stopcocks as shown in Figure b. The standing McLeod 
gauge (G) was capable of measuring the amount of vacuum to 
10”6 mm of mercury whereas the tilting McLeod gaiige (H) had a 
detectability limit of 1 micron of mercury. The design of the 
latter gauge made it more convenient for routine use.
The manifold (I) of the vacuum system was constructed 
from 12 mm Pyrex tubing and was connected to the pumping 
system by means of a b mm Delmar-Urry greaseless needle 
valve (D-U valve, DM No. 820) (J) similar to the Fisher Porter 
greaseless needle valve (F-P valve, No. 795-500) shown in 
Figure 5* The D-U valve consists of a Teflon stem threaded 
at the end and fitted with a threaded plastic handle which 
permits the valve to be opened and closed. The Teflon stem 
is fitted with three Viton 0-rings which provide a vacuum 
seal when inserted into the glass body of the valve. This 
valve was capable of holding a high vacuum for several hours
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■without detectable leakage.
The chemically inert characteristics of Teflon and 
Viton permit them to be used with highly reactive gases such 
as trichlorosilane and bromine without danger of contamina­
tion due to corrosion and subsequent loss of vacuum.
Four sample vessels were connected to the manifold
with multiple seal Viton O-ring joints(L). The sample 
vessels were fitted with F-P valves(K) as shown in Figure *+.
The F-P valve (cf. Figure 5) has a 2 mm orifice which seats 
a Kel-F stem terminating in a Teflon tip. The Kel-F stem is 
threaded to fit a precision grooved glass body allowing 
accurate control of the opening of the orifice. In addition, 
the Kel-F stem is fitted with two Viton O-rings which pro­
vide a positive seal under high vacuum conditions. Preliminary 
tests showed that these greaseless valves were capable of 
holding a vacuum of 10" mm of mercury for approximately one 
hour which was ample time for completion of a reaction run.
A leak check after an additional hour revealed that the vacuum
_k
had decreased to approximately 10 mm of mercury.
The reaction cell (M) has been previously described 
tinder section A. This was connected to the manifold with 1 mm 
capillary tubing and closed off with a F-P valve. A 1 mm side 
arm provided a connection to the Bourdon quartz spiral gauge 
(N).
A U-tube closed end manometer (P) was used with the 
Bourdon gauge to determine the pressure of the reactants in 
the reaction cell. A Cenco Hyvac oil pump (0) was used to 
evacuate the main chamber of the Bourdon gauge and the side
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arm of the manometer. The mercury levels were read by lining 
up a horizontal aluminum strip attached to a square piece of 
window glass positioned in front of a mirror which projected 
the image of the mercury levels. The window glass and mirror 
were mounted on. a carriage which moved on two vertical rods. 
The mercury levels could be read with a reproducibility of 
+0.2 mm of mercury.
The Bourdon gauge, shown in Figure 6, was custom de­
signed by Worden laboratory, Houston, Toxas. The quartz helix 
terminated in a platinum surfaced mirror (D) which was used 
in conjuction with a light source (H) and scale (F) to pro­
vide an optical null system. The scale was graduated in 
centimeters with smale graduations at 0.5 cm intervals. With 
proper focusing, the sensitivity of the optical system was
0.06 mm of mercury per 0.5 mm scale deflection. Thus, a 
pressure of 10 mm of mercury could be measured with an error 
of less than one percent with corresponding greater accuracy 
at higher pressures.
The gauge was protected from extraneous vibrations 
by magnetic dampening of the spiral with two Alnico magnets 
(E) sealed in the quartz assembly.
The manometer system enabled one to measure the 
pressure of the reactants without changing the volume of the 
reaction system. The volume of the capillary connections was 
approximately two percent of the total volume of the reaction 
system and was considered negligible with respect to the 
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3. Procedure for a Typical Hun.
The overall reaction for the photobromination of 
trichlorosilane may be written as follows:
Br2 + SiHCl^ SiBrCl^ + HBr
The reaction was followed in a constant-volume system by 
measuring the change in light absorption of bromine over speci­
fied time intervals. Since the volume of the system was con­
stant, the change in bromine pressure could be used as a 
measure of the concentration change of bromine in a specified 
time interval.
The amount of light absorbed was related to the bromine 
pressure using a Beer's law calibration curve which was con­
structed according to the following procedure.
The reaction system was brought to "stick" vacuum con­
ditions by continuous pumping over a period of several hours. 
During the pumping process, the light source was turned on and 
allowed to warm up for at least an hour before any measurements 
were made. In addition, the shutter was opened and the photo­
cell was intermittently exposed for fifteen to twenty minute 
periods in order to condition it.
After "stick" vacuum conditions were maintained over a 
period of several hours, the manifold was sealed off from the 
rest of the system by closing the D-U valve. The needle valve 
above the reaction cell was also closed off in the same manner. 
The I0 valve was adjusted to the one hundred percent reading on 
the recorder as previously described under section A. The null 
position of the spiral was noted on the scale and the desired
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pressure of bromine adjusted on the manometer side of the 
Bourdon gauge by slowly bleeding in air through the needle 
valve (cf. Figure *+) • The chamber of the Bourdon gauge had 
been evacuated previously to one micron and closed off from 
the pumping system,
v/hen the desired pressure of bromine was introduced 
on the manometer side of the gauge, the 10 valve of the 
recorder was found to be reproducible to at least 0.1 percent. 
The bromine sample was allowed to warm up to room temperature 
by removing the liquid nitrogen bath, tfhile the bromine 
liquified, the 1Q valve was repeatedly checked to verify the 
one hundred percent value to within t 0.1 percent. V/hen the 
bromine reached room temperature, the needle valve above the 
sample holder was slowly opened and the manifold filled with 
bromine vapor. The color intensity of the bromine was used 
as a means of estimating the approximate amount of bromine in 
the manifold, ./hen a sufficient amount of bromine was bled 
into the manifold, the valve above the sample holder was closed 
and the valve above the reaction cell opened. The bromine was 
allowed to diffuse into the reaction cell until the quartz 
spiral returned to its original null reading and then the 
valve was closed. Thus the pressures on both sides of the 
spiral vie re equal. The residual bromine in the manifold was 
frozen out in a sample vial attached to the manifold with 
liquid nitrogen. This sample vial was used to collect the 
residual gases and reaction products and could be removed for 
easy disposal.
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After the null position of the spiral was reached, the 
manometer reading was recorded and the shutter in front of the 
reaction cell opened. Three successive readings of the percent 
transmittance were taken over two minute intervals by opening 
and closing the shutter. After the last reading, the shutter 
was closed and the chamber side of the Bourdon gauge evacuated 
by slowly opening the needle valve until the desired bromine 
pressure was obtained on the manometer. The valve above the 
reaction cell was slowly opened again until the null position 
was obtained on the manometer. Three successive percent trans­
mittance readings were again obtained in a similar manner. This 
procedure was repeated until several readings had been recorded 
over a wide range of bromine pressures.
Using this data, a calibration curve was constructed 
by plotting the logarithm of the reciprocal of the transmittance 
versus the pressure of bromine. A typical calibration curve is 
shown in Figure 7.
After the photometric circuit had been calibrated, the 
reaction runs could be carried out. The procedure for filling 
the reaction cell was essentially the same for the reaction 
runs, a specific amount of bromine was introduced into the 
cell as described above and successive readings of the percent 
transmittance were recorded, after the data was recorded and 
checked with the value from the calibration curve, the shutter 
was closed and residual bromine removed as described previously. 
The bromine in the sample vial was refrozen with a liquid nitro­
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could be pumped down again to a "stick" vacuum condition.
During the pumping process, the trichlorosilane was allowed 
to liquify by removing the liquid nitrogen bath and the desired 
total pressure of reactants was placed on the manometer side of 
the spiral. After the trichlorosilane had liquified, the mani­
fold valve was closed and the trichlorosilane was bled into the 
manifold for a period of 10 to 15 seconds. This was usually 
ample time to provide a sufficient back pressure to fill the 
reaction cell without loss of bromine by bacm diffusion from 
the cell. The valve above the trichlorosilane sample was 
closed and the reaction cell valve slowly opened until the 
quartz spiral returned to its null position. The total pressure 
on the manometer was recorded and the difference between the 
total pressure and the pressure of bromine was the pressure of 
trichlorosilane. The desired pressure of reactants could be 
obtained to within ± 2 mm by careful operation of the needle 
valve.
The residual trichlorosilane was removed from the 
manifold in the same manner as the residual bromine. The 
reactants were allowed to mix in the dark for a specified time 
before illumination. The mixing time usually varied between 
15 minutes and one hour.
After the reactants were mixed, the shutter in front 
of the reaction cell was opened and the photochemical reaction 
commenced. A percent transmittance versus time curve was ob­
served on the recorder as the reaction took place. The optimum 
recorder speed was 0.5 inches per minute.
*fl
The percent transmittance readings from this curve 
could be converted to the respective pressures of bromine 
using the calibration curve. Then a plot of the pressure of 
bromine versus time was made and the rate of reaction at 
different time intervals calculated.
//hen the reaction was completed, the shutter was closed 
and the recorder set on standby. The total pressure of the 
gases was checked to see if there was agreement with the value 
recorded at the start of the reaction. Since there was no 
pressure change in the reaction, both values were found to be 
the same. The products of the reaction were then frozen out 
in the same vial with the residual bromine and trichlorosilane. 
In some cases the products of the reaction were allowed to 
diffuse into an infrared gas cell which was attached to the 
manifold. The infrared spectra of the products of the reaction 
could then be obtained.
after the products had been removed, the manifold and 
reaction cell were pumped down to "stick" vacuum for one or 
two hours and then another run could be made.
In the reaction runs involving the use of hydrogen 
bromide as an additional reactant, the same procedure was 
followed for introducing the gases, the hydrogen bromide being 
introduced after the bromine and trichlorosilane. Sufficient 
care was taken so that a high pressure of hydrogen bromide was 
present in the manifold to prevent bade diffusion of the bro­
mine and trichlorosilane from the reaction cell.
b-2
RESULTS
1. Products of the Reaction.
In order to obtain useful information concerning the 
mechanism of the reaction, an infrared analysis of the pro­
ducts was carried out using a Perlcin Elmer Model 3 37 infrared 
spectrophotometer.
A standard infrared gas cell with sodium chloride win­
dows and a 10 cm path length was fitted with a Delmar 0-ring 
joint for attachment to the vacuum line. After the reaction 
was completed, the products were allowed to distill into the 
gas cell by opening the needle valve above the reaction cell 
and the vacuum stopcock above the gas cell.
By comparison of the infrared spectra of known com­
pounds, hydrogen bromide and trichlorosilane were identified 
among the products of the reaction mixture. In addition,
monobrornotrichlorosilane was also identified by the presence
1 2 0  "of its characteristic peaks at 5^5 and 610 cm" . No con­
densation products, solids or liquids, were found in the re­
action cell at the end of the reaction. This would eliminate 
Si^Clg (b.p. 216°C) and Si^Cl^ Cb.p. lLt-7°C) as possible prod­
ucts of the reaction. On the basis of this infrared analysis 
of the products of several reaction runs, hydrogen bromide 
and monobrornotrichlorosilane were the only compounds that 
could be identified.
2. Treatment of Data.
Preliminary analysis of the data indicated that the
1*3
initial rate of the reaction (R^) increased linearly with an 
increase in the total pressure of the reactants up to a maxi­
mum at approximately 275 mm as shown in Figure 8. At this 
total pressure limit the rate of the reaction fell off sharply 
with further increase in the total pressure of reactants. A
similar behavior has been found in many of the gas phase halo-
3,6,7,8
genation reactions with hydrocarbons and it has been
shown to be due to a change from a heterogeneous to a homo­
geneous termination step in the reaction.
On the basis of the preliminary data, two rate ex­
pressions were developed, one for the rate data below 275 mm, 
the low pressure region, and one for the rate data above 275 
mm, the high pressure region.
The rate of the photochemical reaction between bromine 
and trichlorosilane was followed by measuring the decrease in 
light absorption of bromine with time as described previously 
in the experimental section.
The transmittance readings of the rate curve were con­
verted to the respective pressures of bromine using the cali­
bration curve. A plot of pressure of bromine versus time was 
made and the rate of the reaction calculated at different time 
intervals. Rate constants were calculated from the differential 
rate equations xising mean values of the concentrations and the 
average rate during an initial time interval.
3. Nineties.
A systematic investigation of the effect of the 
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Initial Reaction Rate Versus Total Reactant Pressure
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to determine the form of the experimental rate equation.
In general, a simple rate equation has the form
K = k t i l 1
where R is the rate of the reaction, k is the rate constant, 
the terms [ca]> M —  [ci] are the concentrations of the 
various reactants, and the exponents a, b, and i, are the orders 
with respect to the reactants.
2+. Low Pressure Rate Expression.
Tentatively, the low pressure rate expression was 
assumed to have the following form:
Sl= kL [hS1C13] a [Br^13 I
^  is the initial rate of reaction i.e.^d dtji and
is a constant which includes the absorption coefficient for 
bromine.
In order to determine the effect of the pressure of 
trichlorosilane on the reaction rate, two methods were attempted. 
In the first method a series of runs were carried out in which 
bromine was present in a large excess. It was found that if 
the bromine: trichlorosilane ratio was greater than 1:1 only
a negligible rate change occurred over a period of an hour or 
more. The second method, which proved to be more satisfactory, 
consisted of making a series of runs in which the pressure of 
bromine initially present was approximately constant and only 
the initial rate was calculated in order to eliminate any 
effect the products would have on the reaction.
Under the above conditions, equation I could be re­
written in the form:
R . p —7
Log 1____  _ Log k . + a Log 1 HSiCl I II
b L 3J
Tentatively, it was found that, at total reactant pressure 
equal to approximately 270 mm or less and b = 1, the value of 
a was found to be 1.0 from a least squares calculation of the 
data shown in Figure 9. The data for the runs given in 
Figure 9 are listed in Table 1 together with the values of k^ 
calculated using Equation I. The average value of k^ in this 
series of runs was 0.11 ± 0.00 mm”1 min”1.
TABLE I
Determination of the Order with Respect to Trichlorosilane
in No. PBr2 PSiHCl^ pt si kL x io2
(mm) (mm) (mm)
•i
(mm min ) (m^^nin”1)
75 27.*+ 99.2 126.6 3.2 0.12
30 26.8 92.6 119.i+ 2.6 0.11
29 29.7 155.8 18 5.5 5.1 0.11
31 32.0 196.2 228.2 6.6 0.11
32 27.6 2^3«5 271.1 7.8 0.12
0.11 + 0.00
In order to independently evaluate the order with 
respect to bromine, another series of runs were made in which
the pressure of bromine was varied from approximately 11 to *+6
mm and the pressure of trichlorosilane was kept approximately
^7
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constant at 197 mm. The total pressure of reactants ranged 
from 200 to 226 mm.
Equation I was revised to a logarithmic form as follows:
L°g ([SiHCl -]) * L°S ^  + b L°S H I
The data for Run ilos. 55> 63, 6!+, 66C, and 66D were plotted in 
Figure 10 using Equation III. The order with respect to bro­
mine, determined by a least squares calculation of the data, 
was found to be 1.1. The values of k^ were calculated using
Equation I for each run and are listed in Table II. The
+ -1average value of kT was 0.12 - O.01 mm min .
' J u
Thus, in the low pressure region the reaction was 
found to obey a second order rate equation, first order both 
in bromine and trichlorosilane. The validity of the second 
order rate expression is shown by the good agreement of the kL
values in this pressure region.
TABLE II
Determination of the Order with Respect 
to Bromine in the Low Pressure Region
Run No. P_,
2
PSiHCl3 h R .1 k-j-x 10
(mm) (mm) (mm) (mm min“ )^ (mm-^ -min'"1)
66D *+6.0 196.7 21+2.7 12.0 0.13
66G 37.1 197.2 23^.3 8.0 0.11
55 27.0 196.6 223.6 6.2 0.12
6*+ 16.*+ 197.2 213.6 *+.2 0.13




Logarithmic Plot of Low Pressure Rate EquationCIII)
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5. High Pressure ^ ‘"e Equation
In the high r assure region above 275 mm total react­
ant pressure, the data was found to obey the following rate 
equation:
kjj [siHCl] [sr']1’
i = ----------------- —  IV1_
p2
P is the total pressure of reactants, L  is a constant which 
includes the absorption coefficient for bromine, and b is the 
order with respect to bromine. The order with respect to bro­
mine was evaluated by plotting the logarithmic form of Equation 
IV given below:
[ k i  r p i *  r  -i
Log L ij L  tJ _ L0g k . + b Log Br I V
[SiHCl ] H L  2J
A plot of the term on the left hand side of equation V versus
the Log was made using Hun Nos. 11, 15? 18, 19, 21, 22,
2*+, and 25 as shown in Figure 11. The order with respect to
bromine, as determined from a least square calculation of the
data, was 0.)+5.
Several values for the exponents ofjjsiKCl 3] and (P^ .)
were tried in an attempt to obtain reproducible values of k^.
Only the exponents one and one half for JjBiHCl 3] and P.j.
respectively were found to give reproducible values of k.T in
—±1
this pressure region. The average value of kH from Table III 
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Logarithmic Plot of High Pressure Rate Equation(V)
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TABLE III
Determination of the Order with Respect 
to Bromine in the High Pressure Region
Run ho. p«
2
PSiHCl3 h h kjj x
(mm) (mm) (mm) (mm min”1) (min-
11 ih.5 315.3 329.8 2.0 0.30
18 lk,b 300.3 31^.7 2.1 0.33
21 18A 279.3 297.7 2.5 0.36
22 27.5 268.6 296.1 2.9 0.35
2 -^ M+.7 21*5.2 289.9 3.1 0.32
25 223.5 270.9 2.8 0.30
15 51.1+ 292.5 3^3.9 3*6 0.32
19 77.0 218.2 295.2 3.3 0.30
0.32 I 0.02
6. The Effect of Added Hydrogen Bromide on the Reaction.
In order to determine if hydrogen bromide, one of the 
products of the reaction, was involved in a reverse reaction 
as an inhibitor, experiments were carried out in which varying 
amounts of hydrogen bromide were added to the reactants, tri­
chlorosilane and bromine, at the start of each reaction. The 
results are shown in Table IV.
In each series the bromine pressure was kept approxi­
mately the same and the pressure of trichlorosilane was kept 
approximately constant at 98 mm, 156 mm, and 197 mm for 
Series 1, 2, and 3, respectively. Throughout the three series 
the pressure of hydrogen bromide was varied from a low value 
of 38 mm to a maximum value of 2lh mm. The total pressure of
53
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62 2lf.l 93*2 38.1
61 27.1 97.5 55.5
60 27.0 97.8 103.9
59 28.0 98.5 20if.3
Series 2
50A 27.9 153.6 56 .if
50 29.1+ 15*+. 6 52.1






















57 27.2 197.2 51.8
56 26.3 197.0 115.9
55 27.2 197.3 155.6
9  « 1 k x 10"Li k^ x 1(
(mm)(mm min"'*') (mm"1min'"1) (min“ 9^
1^3.0 if.8 0.21 l.if
17^.3 5-3 0.20 l.if
226.2 2.2 O.O83 0.65
327.0 1.6 0.060 0.57
237.9 0.80 0.019 0.15
235.5 1.0 0.026 0.22
282.7 if.if 0.11 0.92
350.1 0.86 0.018 0.19
350.1 3.2 0.090 0.79
388.8 1.1 0.02if 0.2 7
388.8 if.2 0.10 0.99
^ 00.0 1.1 0.02J+ 0.27
if 00.0 2.0 0.060 0.56
276.2 3.0 0.056 0.if8
339.2 2.8 o.o5if 0.51
380.6 1.2 0.022 0.23
reactants including hydrogen bromide varied from lU-3 to 
*+00 mm. Both k. ana k,. were calculated using Equations I 
and IV respectively for the initial stages of the reaction.
9+
As observed previously in Figure 8, the values for 
the initial rate of the reaction increase in each series with 
the exception of Series 3? with increasing pressure of added 
hydrogen bromide until a maximum is reached, and then they de­
crease sharply. In Series 3 the maximum has already been 
reached in dun 57 and decreases steadily in Rims 56 and 55.
In Series 1 both k and k decrease with increasing
L ri
pressure of hydrogen bromide with the exception of Runs 61 and
62. In these two runs the value of k^ is somewhat higher than
the average value found in Tables I and II (k^ (avg.) =
2 *1
0.12 x 10 * 0.01 mm min“^). The latter value will be re­
ferred to as the predicted value based on Equation I.
The observed value of k^ in Run 60 is in better agree­
ment with the predicted value. As the hydrogen bromide 
pressure is increased further and the total pressure reaches 
327 mm, k^ approaches the average value found in Table III 
Ckjj (avg.) = 0.32 i 0.02 x 10-1 min”’1) for the region of high
pressure. Again the latter value will be referred to as the
predicted value.
In Eeries 2, Runs 50 and 50A, although in a somewhat 
low total pressure region, have k^ values that are in better 
agreement with the predicted value than the corresponding 
values of k^ for these two runs. Run 51 which shows the maxi­
mum rate for this series has a k^ value that is in excellent 
agreement- with the predicted value. Runs 52, 53? and 53^ had 
rate curves that showed two distinct breaks during the course
of the reaction. The values for k and k calculated for the
L fci
55
initial stages of the reaction in the two sections of the rate 
curve are shown in Table IV. The pressure data for the re­
actants in the two regions is indicated by I and II. In the 
initial stage of the reactions the values of for the three 
runs are in agreement with the predicted value for high pres­
sure conditions. However, as the pressure of bromine and tri­
chlorosilane diminishes and as the amount of hydrogen bromide 
increases as the reaction continues, the rate of the reaction 
increases sharply, and the observed values of k approach thej_i
predicted one for the pressure of the reactants under low 
total pressure conditions.
Similarly, Series 3 exhibits the same pattern although
no distinct breaks were observed in the rate curve until near
the end of the reaction. As the pressure of hydrogen bromide
increased, the values of k aooroached the predicted value forn
the high pressure region.
7* Hate Equation for Individual Reaction Hun.
The rate equations previously given (I and IV) for the 
low pressure and high pressure regions, respectively, were 
applied to several reaction runs over a wide range of reactant 
pressures. The values of k^ and k^ were calculated over the 
first fifty percent of the reaction. The results are tabulated 
in Appendices A and B.
In the pressure range from approximately 115 to 2^5 mm 
as shown by the runs given in Appendix A, the low pressure 
rate equation expresses the data adequately. The average 
value of k^ for twelve runs is 0.12 1 0.01 mm"”^ min- .^ In
56
the pressure region above 275 Tran, the high pressure rate 
equation is found to adequately express the data as shown 
by the reproducibility of the Is values given in Appendix B. 
The average value of k^ was found to be 0.32 t. 0.01 min  ^
for nine runs.
Some of the runs were found to have induction periods 
varying from a few seconds up to six or seven minutes. In­
duction periods were found more frequently at high bromine 
pressures than at lower ones. After the induction period 
was over, the reaction proceeded smoothly. The first few 
runs in this study had very irregular rate curves but after 
a certain conditioning period the rate curves were very 
smooth. This conditioning process was repeated on two 
occasions when it became necessary to shut down the system 
to repair the needle valve above the reaction cell. Small 
amounts of air leaked into the cell during the replacement 
of the needle valve, .'/hen the system was put back into 
operation, several reactions were run before the rate curves 
became normal again.
In some runs the experimental rate curves were found 
to have two distinct breaks. In the first section of the 
rate curve (I) the data was found to fit the high pressure 
rate equation, and in the second section (II) the data obeyed 
the low pressure rate equation, him Nos. 13, 1*+, and ^8 in 
Appendix C are typical examples of this effect.
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8. Determination of Activation Energy.
The experimental activation energy was evaluated 
from an Arrhenius plot shown in Figure 12 using a least squares 
calculation over a temperature range from 19 to ^0°C. The data 
in Table V yielded the following equation:
v n <9 v in2 D -5900/RT -1 . _ik -^ = 0.y2 x 10 e mm m m
TABLE V
Data for Determination of Activation Energy
Bun No. PBr2 PSiHCl3 Pt Temp kT _ 2 L x 10
(mm) (mm) (mm) (°C) (mnT^min'"^)
69 28.6 98.9 127.5 18.9 0.16
70 26.2 97.1 123.3 18.9 0.15
67 2^.7 95.2 119.9 2>+.9 0.19
68 2^.8 9^.9 119.7 2^.9 0.18
71 23.2 93.5 116.7 31.0 0.22
72 2!+.0 9^.8 118.8 31.0 0.23
73 20.9 90.7 111..6 >+0.0 0.31
7*+ 20.2 89.5 109.7 >+0.0 0.32
Determination of Quantum Yield.
The overall quantum yield (3?) for the reaction was 
determined using a calibrated lamp and a sensitive thermopile 
galvanometer system according to the detailed instructions 
described in the National Bureau of Standards Circular 
No. IV-S/Tp 8071+3 and other similar sources.
Since the experimental runs were carried out under a 














of the quantum yield was evaluated. A sample calculation is 
given below and Table VI lists the quantum yield values for 
several low pressure and high pressure reaction runs. 
Reaction Run No. 31
1. P (mm) 27.6, P0.ur(_ (mm) 2>+3.5, P (mm) 271.1
hr g birLL-l^  T.
2. Lamp intensity calibration 57.2 ergs/.sec
3. Energv of average wavelength incident on reaction system 
( A avg. Lf500 A)
£ - he - (6.63 x IQ"2? erg sec) (3»00 x 10“^  cm/sec)
A (^500 x 10"8 cm)
—12E. = b,h2 x 10 ergs/quantum.
*+. No. of quanta absorbed in a sixty second period (^ )
a) b2.1% light absorbed in a sixty second period
b) 57*2 erg/sec x 60 sec x 0.!+21 = lM+O ergs
c) lMfO ergsA-.1-^  x 10 ergs/quantum = 3.26 x 10^ 
quanta
5. No. of bromine molecules dissociated in a sixty second
time interval (I'i)
8.60 x 10^8 molecules
6. cjT = N = 8.60 x 1018 _ 2.5^ x 10**




Run No. P P P No. Quanta No. of Br 3l
2 ° 3 absorbed per molecules2 (x 10^ }
(mm) (mm) (mm) min. (x 10 ) dissociated
A. Low Pressure Rims
29 29.7 155.8 185.5
32 27.6 2if3-5 271.1
66D if 6.0 196.0 2if2.7
55 27.0 196.6 223.6
63 11.2 195.5 206.7
B. High Pressure Runs
18 lif.if 300.3 31^.7
21 18.if 279.3 297.7
22 27.5 268.6 296.1
2if ifif.7 2if5.2 289.9















The photolysis reaction between trichlorosilane and 
bromine in the gas phase has been found to obey Equations I 
and IV for total reactant pressures below 250 mm and above 
275 mm, respectively.
dCBrol r- -l
 ----- » LBr2J I
4J K ] _  . kH [SiHCl J  [Br?]  * IV
«  "  i *   '
t
The experimental rate equations were verified using
initial rate measurements from reactions covering a wide 
range of reactant pressures. The same expressions were also
found to hold over the first fifty percent of the reaction 
as can be seen from the data in Appendices A and B.
Unlike the photohalogenation of many hydrocarbons 
such as methane and chloroform, the hydrogen bromide formed 
in this reaction does not inhibit the reaction but under
some conditions may accelerate it.
The following mechanism is proposed to account for 
the experimental results:
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kl1. Br^ + hv x y Br + Br
k0
2. Br + HSiCl — %  SiC1  ^+ HBr
K
3. Br + SiCl — ly. BrSiCl + Br
^ .3 j
k,
k. HBr + SiCl^  BrSiCl^ + H
5. II + Br2 -— !> HBr + Br
k..
6. Br + Br + M — Brg + M ‘
k6A6A. Br + v/all — iBr,,
M is any molecule capable of stabilizing the bromine molecule 
formed by the recombination of bromine atoms.
Assuming the radicals formed reach a steady state 
concentration instanteously, their resultant rate of formation 
is zero. Thus, the following expressions may be developed 
applying the conventional steady state method:
Low Pressure Conditions (omit reaction 6)
a.) a Car] _ 0 = 2€ [iiig] - k2[BrJ[siHCl^]+ [siCl^J +
k£H][Br2] - k 6A[ > g
✓ /
<-Br0 is equal to the number of absorbed quanta; <2= k £l 
* app^* o
where k is a temperature independent apparatus constant;




b> djsici ~7 r* — i
'  ___t! = 0 = ^ [ B j ^ i H C l J ^ ^ r J I S i C l J ^ L H B r J  [SiClJ
clt>
c) S E L  = 0 = [HBr3|siCl^_ ^ [ B r J
adding together a, b, and c:
d) fBr] = [Brf]
L J k6A L  2J
d rSi3rCl~7 _  — ■ r~ ~~l f"
e) L  . ._ -3J- s k3 + k^HBr] l_SiCl3J
solving (b) for
f) fsioi J = *2 CBrl IS1HC1J
k3 D ^ a ]  + k*f CH33
substituting (f) in (e):
g) d [siBrCl _~1
 = *2LBU  j s i H C ^
substituting (d) in (g)
h) 3 § 3^ 37  a e \ k 2
SiHCl^
also
at k6A L— 3J LBr2j




Assuming 1 2 is equivalent to k , the theoretical
, L
6A
rate equation agrees with the experimental equation for the 
low pressure region.
High Pressure Conditions
In the high pressure region where diffusion of the 
bromine atoms to the wall is minimized, homogeneous re­
combination occurs in the gas phase and reaction 6 may be 
substituted for 6A. In this case (d) becomes (d1) as follows
M is equal to the total pressure of reactants (?t). Sub­
stituting (d) in (g) gives the following:
agrees with the experimental equation for the high pressure 
region.
above approximately 275 mm may be related to a number of 
factors. In the derivation of the high pressure rate 
equation, the chain termination step (reaction 6) is assumed 
to take place in the gas phase which is in accord with the
assumption that the recombination efficiencies involving
dt (V T pt
If is equivalent to k , the theoretical equation
ri
The reproducibility of at total reactant pressures
high net quantum yield of 10^ (cf. Table VI). However, the
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bromine atoms and M, where the latter represents only the 
reactant molecules, is the same for both bromine and 
trichlorosilane is not likely to be true. Thus, the rate 
of reaction 6 will not be equal to kg Q{] [jr| 2 but rather 
to the summation of the individual recombination efficiencies 
of the various molecules present in the system. A more 
correct expression for the term in the rate ex­
pression would be as follows:
(k6Pt) i = (^6a [Br2] + k6b lfliIC13] + k6c M  + k6d
VII
In the initial stages of the reactions, the latter two
terms in liquation VII may be considered negligible and Aqua­
tion VII may be written as follows:
^6a[^r2] + ^6b
In the calculation of the kH values over the first
fifty percent of the reaction, it was assumed that k ^ k
“6a “6b
and equalled the sum of the average bromine and 
trichlorosilane pressures over a given time interval. The 
good agreement of k^ values over the initial stages of the 
reactions seems to verify this assumption, it was also 
noted that in some reactions after a one half life k beean 
to increase and k^ began to approach the predicted value for 
the low pressure region. Under the latter conditions chain 
termination by diffusion of bromine atoms to the cell walls 
becomes the predominant chain breaking step. This is
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illustrated bt7 the reactions listed in Appendix C. These
latter reactions had rate curves that exhibited a distinct
break after the initial stages of the reaction indicating
that there was a definite change in the reaction mechanism.
Both the k and k values from these runs are in good agree- 
Jrl L
ment with the predicted values obtained under controlled 
pressure conditions.
If the terms involving hydrogen bromide and mono- 
bromotrichlorosilane were assumed to contribute equally in 
the recombination process, the total pressure term (P 
in the rate equation would remain constant throughout the 
course of the reaction. Calculations based on this 
assumption showed a steady increase in from the initial 
stages of the reaction indicating that this assumption is 
not true.
In a previous study of this system, Daggett^ also 
found that the rate constant increased during the course of 
the reaction. On the basis of experiments with inert gases 
such as helium and nitrogen contrasted to similar experiments 
with hydrogen bromide, it was found that the latter behaved 
as an inert gas when added to the system. It did not in­
hibit the reaction but appeared to accelerate it as did the 
helium and nitrogen. An empirical correction term, 
l-k' [HBl] , was used to correct for the acceleration 
effect of the hydrogen bromide (cf. P .  *f). The corrected 
rate expression gave reproducible rate constants for in­
dividual runs but gave poor agreement when compared with
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runs having different total reactant pressures.
In this investigation, several runs were made in
which varying amounts of hydrogen bromide were added to the
system before the reaction was initiated. Only the rate
data from the initial stages of the reactions was used in
the calculations of the values of k_ and k . The results
“u “h
are shown in Table IV. It can be seen that in each reaction 
series, with the exception of Series III, the rate of the 
reaction increases with increasing amounts of added hydrogen 
bromide until a maximum is reached and then decreases sharply. 
The maximum initial rate in Series I occurred with the addi­
tion of 55 »5 nun of hydrogen bromide (.Run 61), in Series II 
with the addition of 107*6 rma of hydrogen bromide Chun 5i), 
and in Series Hi, the maximum was achieved with the addi­
tion of 51.6 mm of hydrogen bromide (Run 57)•
This effect is similar to that shown previously in
Figure tt and is common to many chain reactions involving
3,6,7
the photohalogenation of hydrocarbons. In the low
pressure regions addition of an inert or foreign gas in­
creases the rate of reaction. However, as the total 
pressure of the system increases with the further addition 
of inert gas, the chain breaming step changes from a wall 
termination to a gas phase termination step. In this re­
spect, hydrogen bromide may be considered as behaving like 
an inert gas although it is actually both a product and a 
reactant in the system. In addition, the order with respect 
to the absorbing substance in the experimental rate
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equation changes from one to one half. The change in the
order of the bromine pressure term from one to one half is
shown in Figures 10 and 11. This is strong evidence that
the same type of mechanism is operative in this system.
In Series I of Table IV, Runs 62, 61, and 60 have
total reactant pressures in the low pressure region. Runs
62 and 61 have k^ values higher than the predicted value.
In these runs hydrogen bromide accelerated the reactions.
As the hydrogen bromide pressure was increased in this
series, the value of k decreased and the value of k^
L H
approached its predicted value.
Series II showed a similar trend when increasing 
amounts of hydrogen bromide were added to approximately 
constant amounts of bromine and trichlorosilane. Runs 50 
and 50A, although not in the high pressure region, have k^ 
values that are in better agreement with the predicted values 
than the corresponding values of k for these runs. In this
1j
case chain breaking in the gas phase is the predominate 
termination step. In Run 51 the rate of reaction increased 
sharply when the amount of hydrogen bromide was approximately 
doubled. In this reaction diffusion of the bromine atoms 
to the walls must predominate over the gas phase termination 
step.
Runs 52, 53) and 53A had rate curves that showed two 
distinct regions of different slope indicated by I and II.
The rate data in the initial regions o f  Runs 53 and 53 A is 
in good agreement with the predicted value of k_. The value
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of k in the initial stages of run 52 is somewhat lower than 
H
the predicted values. In the second stages of these runs the 
rate increases sharply indicating a change in the termination 
step. The values of k in the latter region are in agreement
Ju
with the predicted values.
In Series III the values of k are somewhat higher
“H
than the predicted value in Huns 56 and 57 and lower than the 
predicted value in Hun 55* Hxact agreement of the calculated 
value of k in the high pressure regions with the predicted
ri
value can not be expected on the basis of the assumption
used in the formulation of Equation IV. In this formulation
it was assumed that the recombination efficiences of all
molecules participating in reaction 6 are equivalent which
certainly cannot be the case.
Previous studies of the recombination efficiencies of 
various gases in reaction 6 have indicated that those molecules
which can absorb vibrational energy in a number of degrees of
freedom in addition to kinetic energy will be the most effi- 
21
cient. Anderson and Van Artsdalen encountered a similar
q
problem in the photobromination of ethane. In this latter 
investigation the initial rate of the reaction showed an in­
verse relationship with an increase in the total pressure of 
reactants in accord with a change from a wall termination 
step to three body termination in the gas phase. Also as 
the reactant pressure decreased the order with respect to 
bromine changed from one-half to one in agreement with the 
the change in the molecularity of the termination step.
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During the course of the reaction the values of the 
rate constants were found to decrease with decreasing ethane 
pressure and to increase with decreasing bromine pressure 
depending on the reaction conditions. The changes in the 
value of the rate constant were attributed to the change in 
mechanism as the pressure of reactants decreased and to the 
different recombination efficiencies of ethane and bromine 
as well as other molecules present in the system.
Similar types of problems were found in the photo- 
bromination of other hydrocarbon s y s t e m s E m p i r i c a l  
corrections were attempted for the relative efficiencies of 
the various molecules involved in the termination step but 
did not prove fruitful due to the lack of detailed informa­
tion on the efficiencies of the molecules involved. A great
deal of quantitative information would be necessary in order
to make such corrections.
In other studies^ it has been found that bromine has 
a greater recombination efficiency than hydrogen bromide in 
reaction 6. Very little is known concerning the efficiencies 
of silane compounds in these reactions other than that they 
would be more efficient than bromine and hydrogen bromide on 
the basis of a greater number of vibrational modes.
Although it is difficult to get a clear picture of the 
role of hydrogen bromide in the series of reactions xvith 
added hydrogen bromide since there is a change in the 
mechanism of the reaction depending on the total pressure of 
reactants in the system, it seems evident that it is not
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acting as an inhibitor. Under high pressure conditions 
(Huns 52, 53) 53A, 55, 56, 57) in which it is present in large 
amounts (150 to 200 mm), it appears to decrease diffusion of 
bromine radicals to the walls and the subsequent heterogeneous 
reaction. Although exact agreement between the calculated 
values and predicted values of k is not obtained for all
IX
the reactions in this pressure region, it is felt that a more 
quantitative knowledge of the relative recombination efficien­
cies of bromine, trichlorosilane, and hydrogen bromide would 
improve the agreement. It also appears that relatively small 
amounts of hydrogen bromide (approximately 50 mm) added to 
the system accelerate the rate of the reactions particularly 
in the low pressure region (Runs 62 and 61).
This acceleration effect may be explained by 
reactions 3, and 5 of the proposed mechanism. In the 
early stages of the reaction, hydrogen bromide competes with 
the excess bromine in the system for the trichlorosilane free 
radicals. On the basis of the greater bond strength of hy­
drogen bromide (87.5 kcal/mole) compared to bromine (*f6.1 
kcal/mole), reaction 3 would be favored. However, as the 
bromine concentration decreases during the course of the 
reaction and the concentration of hydrogen bromide increases, 
monobromotrichlorosilane will be formed predominantly by 
reaction *+ together with a highly reactive hydrogen atom 
which can continue to propagate the chain by reacting with 
bromine molecules forming more hydrogen bromide as shown in 
reaction 5*
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On the basis of this latter assumption the theo­
retical rate equation may be modified to approximate the ex­
perimental conditions in the latter stages of the reaction.
For example, in the previous derivation of the rate equation 
Ccf. p. 65) substitution of (?) in (ej and rearranging terms 
gave the following expression:
g ' ) djSiBrCl^J x2i ^  [er^ j [Brj js ih C l^ j k2 k^ ji-iSrJ
 =    -  —  -    — ■■   +     . . . .  
dt Jdr^ j + k^ jTiBrJ ^  \  0Br]
By combining terms the above expression resolves to (g).
In the latter stages of the reaction, there is a rapid 
decrease in the bromine concentration with a corresponding in­
crease in the concentration of hydrogen bromide. Thus 
k3 H  ^  \  W  ana expressing (g1) becomes
h ') dJFiBrClJ k2 k^ jBr^ jf ^BrJ [iiHCl
k [ i r l IsiHCl 71
dt k^ |HBr/ L L  ^
and substituting for [brj and rearranging terms gives:
i ’) d SiBrCll 26k k.
i i _  1 2
dt k6A
siHciq
2 <rk_^  k2/k6A majr bS eciuated ’t o  anci (^3 + y
may be defined asJ. On rearranging (i1) the following ex­
pression is obtained:
r >  k ' L  =  1
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Although it is difficult to evaluate k and k, from the data
~3 -M-
obtained, it may be seen that Jt will decrease significantly 
during the latter stages of the reaction while k , calculated1j
on the basis of Equation I, will gradually increase. By 
correcting k using the ^  term as shown in (. ,j1), the value 
of k ' will be constant in the latter stages of the reaction;
li
hence (j1) would be a better approximation of the rate equa­
tion under these conditions.
In the reaction runs in the low pressure region, it
was found that the values of k gradually increased after the
L
first fifty percent of the reaction in agreement with the 
accelerating effect of increasing larger amounts of hydrogen 
bromide being produced in the reaction. A typical example 
of this effect may be seen by the drift of the k values of
Li
ilun bS in -appendix G. This tends to support the interpreta­
tion given to the theoretical rate expression for the latter 
stages of the reaction. In addition, the assumption that 
bromine and hydrogen bromide compete for trichlorosilane 
radicals in the early stages of the reaction as formulated 
by Equation I, is supported by the reproducible values of
k for the low pressure runs given in Appendix A.
L
It was also noted that in general the net quantum 
yields of the low pressure reactions were significantly 
higher than those in the high pressure region as is indicated 
by the results in Table VI. This evidence would also support 
the contention that hydrogen bromide formed in the reaction 
in the low pressure region behaves predominately as a chain
7b
propagator via reactions b and 5«
In the high pressure region, however, hydrogen bromide 
formed in the reaction or added before the reaction partici­
pates along with otn.er reactant molecules in the homogeneous 
termination process in the gas phase via reaction 6, thus 
helping to minimize diffusion of bromine radicals to the wall. 
Jhen the concentration G f  bromine and trichlorosilane de­
creases, hydrogen bromide may then act as a chain propagator 
via reactions b and
It is difficult,however, to interpret the effect of 
hydrogen bromide in the latter stages of the reaction using 
Equation IV since the termination step changes from a homo­
geneous to a heterogenous one as the concentration of the 
reactant molecules decreases. However, in the early stages 
of the reaction, the good agreement of the k values in the 
high pressure runs given in Appendix B, which were calculated 
using Equation IV, clearly indicates that hydrogen bromide 
formed in the reaction or added before the reaction 
(cf. Table IV) does not inhibit the reaction.
In some of the high pressure runs it was found that 
the rate curves had distinct breaks part way through the 
reaction indicating a change from a homogeneous to a hetero­
geneous termination step with an accompanying change in the 
order with respect to bromine from one half to one. In these 
runs the data for the first part of the reaction obeyed 
Equation IV and the data for the second part of the reaction 
obeyed equation I in agreement with the proposed mechanism.
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Huns 13 and l1* in Appendix C are typical examples of this 
effect.
From the Arrhenius plot in Figure 12, the activation 
energy was found to be approximately 5*9 kcal. This was 
attributed mainly to the activation energy of reaction 3 in 
the proposed mechanism, the other reactions having a negli­
gible activation energy.
As mentioned previously it is difficult to make any 
rigorous quantitative comparison between the reactions of 
carbon and silicon compounds, particularly the halogen com­
pounds, because of the differences in the physical properties 
of the two elements and also because of the lack of accurate 
physical data on many silicon compounds. However, extensive 
research in the field of silicon chemistry in recent years 
has resulted in an extensive accumulation of data on its com­
pounds. ouch information has made it possible to obtain 
better understanding of its chemical reactions. The follow­
ing table gives a list of some of the physical properties of
h l^t-
silicon as compiled from the most recent literature data ’ 
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In the strict sense, the properties of a particular 
bond should not be considered apart from the molecule since 
it depends to some extent on the structure of the rest of the 
molecule of which it is a part. However, it is possible in 
many cases to contrast some measureable quantities such as 
internuclear distance or bond energies with a particular bond 
by the way it changes as the rest of the molecule is altered.
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Prom Table VII it can be seen that the energy of the 
Sill bond is less than that of the GH bond by approximately 
23 kcal. However, in the case of the attachment of an 
electronegative element such as the halogens, the bond energy 
for the silicon halogen bond is greater than the corresponding 
bond with carbon. Thus, it follows, at least from a thermo­
dynamic viewpoint, that Sill bonds are more likely to react 
to form bonds between these electronegative elements and 
silicon than the CH bond in an analogous way. Thus, the SiH 
bond is likely to be a stronger reducing agent. The added 
strength of silicon halogen bonds is attributed to the 
(.£ d)fi“ bond contributions superimposed on the primary sigma 
bonds in the saturated molecules. These generalizations have 
been substantiated experimentally as will be discussed 
shortly.
In addition, nuclear magnetic resonance studies have 
shown that silicon is less electron-withdrawing than carbon 
in sigma type bonds in agreement with the differences in the 
electronegativities between the two elements (.cf. Table Vlij. 
Por example, in the SiH bond of silane the electrons are 
concentrated around the hydrogen nucleus more closely than 
in the CH bond in methane, the protons being more shielded 
in the former than in the latter case.
As discussed previously, the study of the photo- 
bromination of many simple hydrocarbon systems, particularly 
the photobromination of ethane, methyl bromide, and chloro­
form, has provided much useful information for this
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investigation of the photobromination of trichlorosilane.
6
in the photohromination of chloroform the following 
reaction was slightly endothermic and was considered to be 
the rate determining step with an activation energy of 
10 ncal Ccf. p. 9)•
Br + CHC13  ► CCl^ + HBr (3J
Since the mechanism and experimental rate equation of 
the photobromination of trichlorosilane are quite similar for 
these two systems, it may be assumed that the latter system 
has an analogous rate determining step and the other reactions 
in the mechanism have activation energies that are negligible 
compared with it. In this respect the experimental activa­
tion energy of 5*9 kcal is reasonable since the SiH bond in 
trichlorosilane is much more reactive than the CH bond in 
chloroform.
In the bromine-chloroform system hydrogen bromide in­
hibited the reaction according to the following:
IIBr + CCl^ — » HCCl^ + Br (5)
However, the analogous reaction in the silane system would be 
highly improbable on thermodynamic grounds due to the lower 
corresponding bond energy of SiH in trichlorosilane. Re­
action J+ in the proposed mechanism involving the formation 
of monobromotrichlorosilane is more probable in this system 
due to the greater stability of the SiBr bond in monobromo­
trichlorosilane as follows:
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HBr + SiCl3 _^ BrSiCl + H (If)
Thus, the absence of inhibition by hydrogen bromide in this 
system may be explained by the greater stability of the SiBr 
bond in BrSiCl than the SiH bond in HSiCl . This reaction
3 3
also explains how hydrogen bromide may accelerate the reac­
tion by chain propagation.
Reaction 5 shown below is known to be strongly 
21
exothermic.
II + Br2 — > HBr + Br (5)
Reactions 6 and 6A have been estimated to have zero or 
negligible activation energies from previous studies of
1 2 3 23
photobromination reactions. ’ ’ * In addition, the 
following reaction has been postulated in the photobromin­
ation of chloroform:
Br + CC1 — > BrCCl + Br (if)
R 3 3
and has been estimated to have an activation energy of 6 
kcal. Reaction 3 is the corresponding reaction postulated 
for this system:
Br + SiCl __> BrSiCl + Br (3)2 3 r 3
Again on thermodynamic grounds reaction 3 would require 
little if any activation energy due to the greater stability 
of the bromo-product compared with the corresponding bromo- 
product in the chloroform reaction. Thus, it may be said
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that
E = 5.9 kcal = E _ E _ E 
a 2 3 6
where E and E are negligible and hence 
i 6
E =5.9 kcal = E3. cL
It is known that trichlorosilane reacts with halogens 
more readily than the analogous reactions with chloroform 
due to the ease with which the SiH bond is broken and the 
stronger the silicon halogen bond that is formed. In addi­
tion, the electronegative elements in trichlorosilane would 
enhance nucleophilic attack at the highly polar SiH bond 
(Si+ H”). However, thermodynamic factors alone do not govern 
the probability of reactions since the CH bond does not react 
at room temperature with compounds towards which it is thermo­
dynamically unstable. With respect to the SiH bond, activa­
tion effects appear to be less important particularly with 
compounds containing electronegative elements. Many reactions 
of silane compounds (R^SiH) with halogens have been investi­
gated in solution where R is CH , Ch CH , and higher 
b 11 1*+ 15 3 2
alkyls. ’ ’ ’ The reactions occur more readily forming
R^SiX with only minute traces of side products in which the 
R group has been halogenated. Most of these appeared to in­
volve the displacement of a hydride ion from silicon due to 
the polarity of the SiH bond (3i+ H“ ). In the latter reac­
tions the SiH bond is more like a carbon halogen bond than a 
carbon hydrogen bond, and as a result, many of the reactions
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of silanes resemble the reactions of alkyl halides. However, 
there is an important difference in the mechanism between 
the two reactions. In most of the reactions of alkyl 
halides carbonium ions are formed, but there is no evidence 
as yet to indicate presence of siliconium ions in the silane 
reactions. On the basis of the products formed in these 
reactions, it has been postulated that the reaction may be 
initiated either by a nucleophilic attack at silicon with the 
formation of a five coordinated intermediate or by a bimole- 
cular process of the 8 2 type. The availability of empty d 
orbitals in the silicon atom would explain why these reac­
tions proceed much more readily than in carbon chemistry. 
However, there is little kinetic evidence to support either 
explanation in the solution phase reactions and none at all 
for the gas phase photohalogenation reactions of these com­
pounds. The data from this investigation together with the
9
information obtained by Daggett represents the only quanti­
tative study of the gas phase photohalogenation reactions of 
silane compounds.
Haborn and Ebsworth have undertaken a thorough review
11 12 1*+of the literature in the field of silicon chemistry ’ ’
and have pointed out that many gaps in our knowledge of the 
kinetics and mechanisms of silicon reactions need to be 
filled before a coherent picture can be formulated.
with regard to molecular structure of silyl compounds 
such as the halides, a number of structural parameters have 
been measured but the interpretation is yet not clear. To
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date only a general correlation of similar properties with 
structural information has been made. For example, the 
shorter bond lengths found in silicon halogen compounds com­
pared with the sum of the atomic radii seem to be indicative 
of (p d) ^ bonding which would account for the greater 
stability of silicon halides compared to carbon halides.
An exception to this occurs with the SiH bond which, although 
shorter than the sum of the atomic radii of silicon and hydro'
gen, has a bond energy significantly less than the CH bond
17
energy. Other investigators have explained this by 
pointing out that the high force constants of silicon halide 
bonds compared to the low force constant values in the SiH 
bond indicates that (p —> d)“^ bonding is present in the for­
mer but not possible in the latter.
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CONCLUSIONS
In this study, a comparison has been made of the 
photochemical behavior between the trichlorosilane-bromine 
system and simple hydrocarbon-bromine systems, particularly 
the chloroforrn-bromine system. Although an exhaustive study 
of all factors that affect this system has not yet been made, 
it is clear that the proposed mechanism explains the data that 
has been presented. The presence of monobromotrichlorosilane 
and hydrogen bromide as reaction products would indicate that 
a mechanism similar to that proposed for the chloroforrn- 
bromine system is operative. A more rigorous investigation of 
the products of this reaction by gas chromatographic and mass 
spectrometric methods would lend further support to this 
theory.
The lower activation energy of this reaction is in 
agreement with the greater reactivity of the SiH bond in tri­
chlorosilane as compared with the CI1 bond in chloroform. In 
addition, the availability of d orbitals in silicon would
contribute to a lower overall activation energy for the rate 
determining step in an S^2 type mechanism. The second order 
kinetics observed in the low pressure region would tend to 
substantiate the fact that reaction 2 is the rate determing 
step and the remaining steps have a negligible activation 
energy.
The inhibiting effect of hydrogen bromide observed in 
the chloroforrn-bromine system as well as other studies
81+
involving hydrocarbons was explained by reaction 5 (cf. p. 78) 
which is consistent with the greater bond strength of CH in 
chloroform than CBr in monobromotrichloromethane. Using the 
same reasoning, the opposite effect would be expected in this 
system; i.e. the SiBr bond in monobromotrichlorosilane is 
stronger than the more reactive SiH bond in trichlorosilane.
The fact that hydrogen bromide does not inhibit the reaction, 
as has been found, tends to corroborate this argument. The 
observed decrease in the rate of reaction \vith large amo\mts 
of hydrogen bromide has been s': own to be caused by a change in 
the mechanism from a heterogeneous to a homogeneous reaction 
with an increase in total pressure of reactants. The accel­
erating effect of added hydrogen bromide on the reaction in 
the low pressure region is attributed to the chain propagating 
action of hydrogen bromide and hydrogen in reactions 1+ and 5» 
This is also corroborated by the higher quantum yields found 
in the low pressure region compared with those in the high 
pressure region.
In the high pressure region, hydrogen bromide partici­
pates as a third body in the recombination of bromine atoms 
in the gas phase but has a recombination efficiency consider­
ably less than bromine and trichlorosilane. In a reaction 
run when the reactant pressure decreases, the rate of reaction 
between hydrogen bromide and trichlorosilane radicals increases 
producing an effect similar to runs where hydrogen bromide was 
added at the start of the reaction.
In addition, the reaction is sensitive to traces of
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impurities as evidenced "by the presence of an induction period 
in some of the runs and also by the need for conditioning the 
cell before smooth reactions could be obtained. These factors,
Ll
together with the high net quantum yield of approximately 10 , 
are strong evidence that a chain type mechanism similar to one 
found in the chloroforrn-bromine system is operative.
On the basis of the evidence presented, it seems clear 
that the controlling factors in the photobromination of 
trichlorosilane are mainly thermodynamic as a result of the 
strong influence of (jd — ^ d) *+? bonding in the silicon halogen 
compounds which are absent in carbon halogen compounds formed 
under similar conditions. The difference in the activation 
energies between these two systems appears to be solely due to 
these thermodynamic factors and not to any activation factors. 




The photolysis reaction between bromine and trichloro­
silane was investigated in the temperature range from 18 to 
1+0oC using an average wave length of ^50 mu. Above a re­
actant pressure of 275 mm the rate of formation of monobromo- 
trichlorosilane over the first fifty percent of the reaction 
was given by
where k^ and k^ are constants containing the absorption co­
actants .
The activation energy for the reaction was 5*9 kcal 
and was attributed primarily to the reaction
[siBiClJ  Kn [ s i H O g  [V] 
dt P
t
and below 250 mm by
[ > 1 0 1 ^
efficient for bromine and P is the total pressure of re-
“t
HSiCl + Br — 8iCl + HBr 
3 3
(2)
as being the rate determining step.
8 7
The net quantum yield for the reaction was of the 
order of lO^ molecules per quantum of absorbed light.
The reaction was found to be highly sensitive to 
impurities such as oxygen and to the condition of the re­
action cell walls. In addition, the reaction was accelerated 
by hydrogen bromide formed in the reaction or added before 
the start of the reaction under conditions of low reactant 
pressure. With high reactant pressures hydrogen bromide 
participates primarily as a third body in the recombination 
of bromine atoms in the gas phase.
The experimental evidence supports the conclusion 
that under high pressure conditions, the reaction is pre­
dominantly homogeneous in the gas phase, and under low 
pressure conditions the reaction is heterogeneous involving 
the cell wall.
A free radical, chain type mechanism has been formu­
lated, similar to those postulated for the photobromination 
of simple hydrocarbons, which is m  agreement with the ex­
perimental data. However, unlike the corresponding reactions 
with hydrocarbons, the controlling factors in the photobromin­
ation of trichlorosilane are primarily thermodynamic as a re­
sult of the strong influence of <3J ^ bonding in the
silicon halogen compounds which are absent in carbon halogen 
compounds formed under the same conditions. This interpreta­
tion is in agreement with the results of studies in the solu­




Hun No. 7 5 Initial Pressures Cram) 3r^ 30.1, SiHCl 100.4
3
P* 130.:4- t
t Br Br SiHCl pk X 102 2 3 L
(mini (avg) Cavg) (mm“^min” )^
0.0 26.2
0.5 26.4 27.^ 99.2 0.12
1.0 25*3 25.9 96.3 0.11
1.5 23.6 24.5 9^.9 0.12
2.0 22.6 23.1 93.5 0.13
2.5 21.3 21.8 91.2 0.12
3.o 20.0 20.5 90.9 0.13
3.5 lo.9 19.*+ 89.8 0.12
4.0 18.0 18.5 88.4 0.12
5.0 16.9 17.^ 87.8 0.12
0.12 ±






5.0 26.2 26.8 92.6 0.11
5.5 24.9 25.5 91.3 0.11
6.0 23.6 24.2 90.0 0.11
6.5 22.3 23.0 88.6 0.12
7.0 21.1 21.7 87.5 0.13
7.5 20.0 20.5 86.3 0.14
8.0 18.8 19.3 85.1 o.i4
8.5 17.6 18.2 84.0 0.13
0.13 -  0.01
89











Br£ SiHCl k x 102








Run No. 31 Initial Pressures (nun) Br2 36.If, SiHCl^ 200.6, 
Pt 237.0
0.0 33.6 ---- ----- ----
0.5 30.3 32.0 196.2 0.11
1.0 27.2 28.8 193.0 0.11
1.5 25.8 190.0 0.11
2.0 21.9 23.1 187.3 0.12
2.5 19.^ 20.6 18!+. 8 0.13
3.0 17.0 18.2 182.1* 0.13
3.5 1^. 8 16.2 180.If 0.12
lf.0 12.8 Ilf.5 178.7 0.12
0.12 i 0.01
Run No. 32 Initial Pressures (mm) Br2 35*5, SiHCL^ 251.If,
Pt 286.9
0.0 29.6
0.5 25.6 27.6 •21+3.5 0.12
1.0 22.0 23.9 239.8 0.12
1.5 18.7 20. If 236.3 0.13
2.0 16.0 17.2 233.1 0.13
2.5 12.8 lif.8 230.7 0.11
0.12 t 0.01
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Run Wo. 66 D Initial Pressures (mm) Br^ 50.2, SiHCl^ 200.9,
P 251.1
t
k x 102 
L
(mm’*^min“ )^




0.5 >+3.0 1+6.0 196.7
1.0 37.1 1+0.0 190.7
1.5 31.8 3!+»1+ 185.1
2.0 27.5 29.6 180.3
2.5 2!+.0 25.6 176.3




o.5 35.3 3?Ti 197.2
1.0 31.3 33.2 193.2
1.5 27.8 29.5 189.5
2.0 25.0 26.3 186.3


















25.5 2 7 .0 196.6 0.12
1.0 22.1+ 21+.0 193.6 0.12
1 . 5 20.0 21.2 190.8 0.12
2.0 17.5 18.7 188 .3 0.13
2.5 15A 16.1+ 186 .0 0.1b-
3.0 13.5 1^.3 183.9 0 .1 3
0.13 ± 0.01
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t Br SiHCl k x 10^
2 2 3 L
(min) (avg) (avg) Cmrrf^ min"-*-)
0.0 17.5
0.5 15.b 16. If 197.2 0.13
1.0 13.6 1^.5 I95.3 0.14-
1.5 11.8 12.6 193.4- 0.14-
2.0 10.3 ll.o 191.8 0.14-
0.14- ± 0.0i




0.5 10.7 11.2 195.5 0.10
1.0 9.7 10.2 19^.5 0.11
1.5 8.4- 9.1 193.4- 0.12
2.0 7.7 8.0 192.3 0.13
2.5 6.5 7.1 191.4- 0.12
3.0 6.0 6.3 190.6 0.11
0.12 ± 0.0
Run No. 77 Initial Pressures (mm) Br2 4-5.4-, SiHCl^ 69.9,
pt 115-3
0.50 4-1.0
1.0 39.7 4-0.4- 67.9 0.10
1.5 38.3 39.0 63.5 0.11
2.0 37.0 37.7 62.2 0.12
2.5 35.8 36.4- 60.9 0.11
3.0 3^.6 35.2 59.7 0.11
3.5 33.6 34-.0 58.5 0.12
i+»0 32.3 32.9 57.4- 0.12
b.5 31.3 31.8 56.3 0.12
5.0 30.3 30.7 55.2 0.13
5.5 29.3 29.7 54-.2 0.12
6.0 28.3 28.8 53.3 0.12
0.12 ± 0.01
92











5.5 38.5 39.9 133.8 0.10
6.0 36.^ 37.^ 131.3 0.10
6.5 3^.1 35*0 128.9 0.10
7.0 31.8 32.8 126.7 0.10
29.9 30.8 12^.7 0.10
8.0 28.0 28.8 122.7 0.11




High Pressure Reactions 
Run No. 11 Initial Pressures (mm) Br2 20.1, SiHCl^ 320.9, 
Pt 3^1.0
t Br2 Br2 SiHCl3 1CH X
(min) (avg) (avg) (min'
1.0 15.1
1.5 1^.0 i*f.5 315.3 0.30
2.0 13.1 13.6 Sl^-^ 0.28
2.5 12.2 12.6 313 A 0.31
3.0 11.3 11.7 312.5 0.32
3.5 10.2 10.8 311.6 0.32
!+.0 9.5 9.9 310.7 O.32
0.32
Run No. 18 Initial Pressures (mm) Br2 15.1, SiHCl 301
Pt 316.1
o.o 1 5 .0 ---  ----  ---
0.5 13*8 ik-.k- 3 0 0 .3 0 .33
1 .0 1 2 .9 13 A  2 99 .3 0 .3^
1 . 5 1 1 .8 1 2 .3 298 .2 0 .3 6
2 . 0 1 0 .7 1 1 .2 2 97 .1 0 .3 7
2 . 5 1 0 .0 1 0 .2 2 9 6 .1 0 .3 6
3.0 8.8 9.3 295.2 0.35
0.35 ± 0.01
Run No. 21 Initial Pressures (mm) Br2 20.1, SiHCl^ 281.0,
Pt 301.0
t Br2 Br2 SiHCl^ kH x 102
(min) (avg) (avg) (min"1)
0.5 19.0 ---- ----- ----
1.0 17.6 18 A  279.3 O.36
1.5 16.6 17.2 278.1 0.35
2.0 15.1+ 16.0 276.9 0.36
2.5 A . 3 A . 8 275.5 0.36
3.0 13.2 13.7 27^.6 0.37
3.5 12.0 12.6 273.5 0.39
if.O 11.0 11.5 272.if 0.38
if.5 10.0 10.5 271.if 0.37
5.0 9.1 9.5 270.if 0.37
0.37 ± 0.01
Run No. 2if Initial Pressures (mm) Br2 50.if, SiHCl^ 250.9,
Pt 301.3
1 . 0  if 6 .3  ____  ______ ____
2.0 if 3.2 if if. 7 2if5.2 0.32
3.0 if 0.6 1+1.9 2 if 2. if 0.30
1+.0 38.0 39.2 239.7 0.29
5.0 35.if 36.7 237.2 0.29
6.0 33.3 3if* 3 23if.8 0.29
7.0 30.8 31.9 232.if 0.30
8.0 28.3 29.5 230.0 0.31
9.0 26.if 27.3 227.8 0.27
10.0 2 if .if 25.3 225.8 0.29
11.0 22.if 23.3 223.8 0.29
0 .3 0 ± 0 .0 1
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Hun No. 25 Initial Pressures (mm) Br2 62.8,
Pt 301.7
t Br2 Br2 SiHCl3
(min) (avg) (avg)
6 .0 *+8.8
7.0 *+5.8 *+7 A 223.5
8.0 *+3.2 *+*+.6 220.7
9 .0 *+0.5 *+2.0 218.1
10.0 3 8 .2 39 A 215.5
11.0 35.9 37.1 213 .2
12.0 3^.8 3^.9 211.0
13.0 31A 32.7 208.8
l*f.O 29.6 3 0 .6 206.7
15.0 27 .5 28.5 20*+. *f
16.0 2 5 .6 26.6 202.7
Run No. 15 initial Pressures (mm; Br2 60.0, 
361.1
7.0  53.2 ------  --------
2 .0  *+9.7 51A  292.5
9 . 0  *+6 . 0  *+7 .8  288 .9
1 0 .0  *+2 . 8  *+*+. 3 2 8 5 .5
11.0 39.8 1+1 .2  282.3
12.0 36.8 38.3 279A
1 3 .0  3^.3 35A  2 7 6 .5











0 .2 7  
0.28 
0.28
0 .2 9  ± 0 .0 1








0 .3 1  ± 0 .0 1
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Br2 SiHCl^ kh X
(min) (avg) (avg) (min”
7.0 65.5
8.0 62.8 64.4 285.6 0.26
9.0 60.1 61.4 282.6 0.25
10.0 57.4 58.6 279.8 0.26
11.0 45.2 55.6 276.8 0.25
12.0 51.7 52.7 273.9 0.28
13.0 4-8.3 49.8 271.0 0.28
14.0 45.3 46.8 268.0 0.28
15.0 42.5 44.0 265-2 0.27
16.0 4o.l 41.2 262.4 0.27
17.0 37.6 38.7 259.9 0.28
0.27
Run No. 19 Initial Pressures (mm) Br2 79.8, SiHCl3 221.
Pt 300.8
4.0 78.6
5.0 75.4 77.0 218.2 0.30
6.0 72.3 73.7 214.9 0.29
7.0 69.2 70.4 211.6 0.31
8.0 65.5 67.2 208.4 0.32
9.0 62.3 63.9 205.1 0.32
10.0 59.2 60.7 201.9 0.33
11.0 56.0 57.5 198.7 0.33
12.0 53.1 54.5 195.7 0.33
13.0 50.2 51.6 192.8 0.32
14.0 4 7.7 48.9 190.1 0.31
15.0 44.9 46.2 187.4 0.31
0.31 ± 0.01
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(min) (avg) (avg) (min"1)
1.0 28.5 ■—  - L ' 1
2.0 25.6 2 7.5 296.1 0.35
3.0 22.9 2^.2 289.5 0.37
b.O 20.2 21A 283.9 O.38
5.0 17.^ 18.8 278.7 O.38
6.0 15.1 16.3 273.7 0.38





Run No. 13 Initial Pressures (mm) 3r 39*7, SiHCl 301*0










Br 3r SiHCl k x
2 2 3 H
(avg) (avg) (min’
37.2
35*8 3 6 .6 297.9 0.31
3^ * 5 35*1 296 A 0.31
3 2 .8 33*6 29^.9 0 .3 2
31.3 3 2 .1 293 A 0 .3 2
3 0 .0 30.7 2 9 2 .0 0 .3 0
2 8 .8 29 A 290.7 0 .2 9






0 .0 3 0
0.030
0.31 -  0.02
Curve II
6 .0 0 28.1
6.25 25*9 2 7 .0 2 8 8A
6 . ?0 23*7 2M .8 2 86 .2
6.75 21.7 2 2 .7 28!+. 1
7 .00 2 0 .0 2 0 .8 2 82 .2
7*27 1 8 .2 1 9 .0 280 A















Hun No. I1-!- Initial Pressures (ram) Br0 ^9.9, SiHCl 303.0
pt 352.9
Curve I
t Br2 Br2 SiHCl.
(min) (avg) (avg)
1.5 5+6.8
2.0 5+5.1 5+5-9 299.0
2.5 ^3.3 kk.2 297-3
3.0 5+1 .7 5+2.5 295.6
3.5 5+0.1 5+0.9 29*+. 0
5+.0 38.8 39.^ 292.5
Curve II
5+.50 36.8
b.75 33.8 35.3 288.5+
5.00 31-0 32.!i 285.5
5.25 28.3 29.6 282.7
5.50 26.0 27.0 280.1
5.75 23.5 25-+. 6 277.7
6.00 21.2 22.3 275.5+
6.25 19-3 20.2 273.3
kH x 101 kL x 102
























1.5 28.2 28.9 2^9.0
2.0 26.9 27.5 21+7.6
Curve II
2.5 26.3
3-0 22.2 21+.2 2M +.3
3.5 18.7 20.1+ 21+0.5
l+.O 15.^ 17-0 237.1
1+.5 12.!+ 13-9 23^.0
5.0 9.7 11.5 231.6
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